Simple p-C / n-Si junctions have been fabricated by magnetron sputtering at room temperature and their current-voltage ͑I-V͒ characteristics have been investigated. The p-n junctions show good rectifying properties in a large voltage scope and interesting I-V characteristics. The most interesting phenomenon observed in these p-n junctions is that the temperature dependence of some junction resistance shows a metal-insulator transition whose transition temperature is hugely modulated from 162 to 236 K by a bias voltage increasing from 20 to 40 V. This work shows that amorphous carbon films combined with other semiconductor materials can result in some interesting properties that may have potential applications.
I. INTRODUCTION
It has been known that p-n junction has been widely used as a basic element in various semiconductor devices. [1] [2] [3] Recently, current-voltage ͑I-V͒ characteristics have been studied intensively in the Ln 1−x A x MnO 3 based p-n junctions ͑Ln= rare earth, A = alkaline earth͒. [4] [5] [6] [7] [8] [9] [10] [11] [12] Attention was focused on the excellent rectifying property of these p-n junctions in wide temperature range. Besides, an interesting phenomenon observed in some Ln 1−x A x MnO 3 based p-n junctions is that the temperature dependence of some junction resistance shows a metal-insulator transition whose transition temperature is related to the bias voltage applied. 13 O 3 heterostructures and found an electrical-field controlled metal-insulator transition at room temperature in these heterostructures. 13 Tiwai et al. demonstrated the metal-insulator transition in the La 0.7 Sr 0.3 MnO 3 / ZnO p-n junctions and believed that the metal-insulator transition and the ferroparatransitions were governed by the double exchange interaction mechanism and both phenomena go hand in hand.
14 A metal-insulator transition was also found in ͑La 0.9 Ba 0.1 ͒MnO 3 / Nb-doped SrTiO 3 p-n junction, whose transition temperature, corresponding to that of ferromagnetic transition, is hugely modulated from 290 to 340 K by a bias voltage increasing from +1.0 to + 1.8 V. 15 In this paper, simple Fe-doped amorphous carbon/Si p-n junctions have been fabricated by magnetron sputtering at room temperature and their I-V characteristics have been investigated. The p-n junction resistance shows a metalinsulator transition at high bias voltage, whose transition temperature is hugely modulated by a bias voltage.
II. EXPERIMENT
Amorphous Fe x -C 1−x thin films with x =0-0.2 ͑mass fraction͒ in target were grown on n-Si͑100͒ ͑or glass͒ substrates using direct current ͑dc͒ magnetron sputtering from Fe-doped graphite target. The targets were cold-pressed composite disks, and the purity of the Fe and C was better than 99.9%. The silicon substrates are n-type materials with resistivity in the range of 2 -5 ⍀ cm. Before deposition, the Si substrates were etched in HF solution for 3 min, and then ultrasonically cleaned in ethanol and acetone. The deposition took place inside a chamber where the argon pressure was kept at 2 Pa and the Si substrate was kept at room temperature.
The Hall voltages of the films deposited on glass substrates were measured at room temperature by applying a magnetic field of 0.4 T, and the Hall effect measurements show that all the Fe-doped carbon films deposited at room temperature are p-type semiconductors. The in-plane I-V curves of the films deposited on Si and glass substrates were measured at various temperatures by using four-probe method with a Keithley 2400 sourcemeter. The experimental results show the indium electrodes have Ohmic contact to the Fe-doped carbon films. Micro-Raman spectroscopy using a He-Ne laser ͑633 nm͒ was used to study the structural properties of Fe-doped carbon films. The Raman spectra were acquired in the range of 1100-2000 cm −1 and fixed by the Gaussian shape and a linear background. Figure 1 shows the Raman spectra of the Fe-doped amorphous carbon films with different Fe compositions, changing from 0 to 0.20, deposited at room temperature. It is well known that the Raman spectra of the carbon materials can be fitted to the G band at 1580 cm −1 and the D band at 1350 cm −1 . Fig. 3 . From the figure, we can see that the Fe-doped carbon film is amorphous, and the interface of Fe 0.05 -C 0.95 / Si is clear. Figure 4 shows the I-V curves of the Fe 0.05 -C 0.95 /Si measured at different temperatures, which was made by depositing Fe-doped amorphous carbon film with the thickness of 100 nm directly on n-Si substrate. The schematic illustration of the measuring method is shown in the inset of Fig. 4 . The total circuit consists of a Fe 0.05 -C 0.95 /Si p-n junction and a Si/ Fe 0.05 -C 0.95 n-p junction. Therefore, whatever voltage ͑a positive or a negative voltage͒ is applied, the current measured will be mainly limited by the Fe 0.05 -C 0.95 /Si n-p junction. In other words, the current measured is approximately the reverse current of Fe 0.05 -C 0.95 /Si p-n junction. As shown in Fig. 4 , when the applied voltage is between −40 and 20 V, the current increases slowly due to the restriction of the reverse resistance of Fe 0.05 -C 0.95 /Si p-n junction. To our surprise, when the applied voltage is larger than a positive threshold, for example, 18 V at 100 K ͑or smaller than a negative threshold, for example −36 V at 100 K͒, the current increases quickly with increasing voltage ͑or decreases quickly with decreasing voltage͒. The I-V relation at high voltage cannot suggest that the Fe 0.05 -C 0.95 /Si p-n junction has been broken down by the voltage, because these I-V results can be repeated. From the I-V results, we also find that the rectifying property of the Fe 0.05 -C 0.95 /Si p-n junction is good in a large electric voltage scope at lower temperatures. The anomalous I-V characteristics should be of interest for various applications such as semiconductor device and electrical switch. Figure 5 shows the variation of the resistance with temperature for different bias voltages. The resistances were calculated by dividing the value of bias voltage by the current. For bias voltage Ͻ5 V, the junction shows an insulating be- 
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havior with a negative temperature coefficient of resistivity through the whole temperature range. For higher values of the bias voltage, the resistance is drastically reduced with increasing voltage and it shows metal-insulator transition in a corresponding temperature, and the transition temperature is hugely modulated from 162 to 236 K by a bias voltage increasing from 20 to 40 V. Figure 6 shows the I-V characteristics of the Fe-doped amorphous carbon/Si with different Fe compositions at 200 K. We can find that these p-n junctions have similar I-V characteristic properties. In other words, when the applied voltage is larger than a positive threshold ͑or smaller than a negative threshold͒, the current increases quickly with increasing voltage ͑or decrease quickly with decreasing voltage͒. The positive critical voltage increases from 20 to 60 V with increasing Fe composition.
IV. DISCUSSION
The anomalous I-V characteristics and metal-insulator transition observed in these p-n junctions cannot be understood by the double exchange interaction mechanism in the manganites. 14 We propose a possible mechanism to understand these phenomena. It should be pointed out that the Fe-doped amorphous carbon is a kind of disordered system with localized energy tails of conductance band and valence band. When a low reverse voltage ͑field͒ is applied on the p-n junction, the electrons in the localized states are restricted in the localized state, which cannot become conducting electrons. Just as the usual p-n crystal junctions, the reverse current is mainly the leakage current, which is caused by transporting few holes in C and few electrons in Si. Therefore, the reverse current is small. When a high voltage is applied, the electrons in the localized states can be excited into the extended energy states and become conducting electrons. When the applied electric voltage ͑field͒ reaches a threshold, a large number of electrons in the localized states can be excited into the extended energy states so that the Fermi energy of the carbon will be depressed and the energy barrier of the p-n junction will be reduced. The electrons excited into the extended energy states will be transported through the energy barrier and become conducting electrons, so that the resistance of the junction will decrease quickly and the current will increase quickly with increasing bias voltage.
When a large voltage is applied, in the low temperature range, the electrons can be excited from the localized states into the extended energy states by the external field. However, with increasing temperature, the electrons will collide drastically with the crystal ͑amorphous͒ lattices in the junction so that the resistance of the junction increases with increasing temperature. When temperature reaches a threshold ͑metal-insulator transition temperature͒, the thermal excitation will produce a great number of electrons from the extended energy states. The decrease of the junction resistance caused by these electrons is larger than the increase of the junction resistance caused by the thermal collision. Therefore, after the temperature threshold, the p-n junction resistance at a high voltage will decrease with increasing temperature.
According to the discussion above, the metal-insulator transition observed in these junctions is caused by the special energy band property of the amorphous carbon.
V. SUMMARY
In conclusion, using magnetron sputtering, we have fabricated simple p-C / n-Si junctions at room temperature and investigated their I-V characteristics. The p-n junctions show good rectifying properties in a large voltage scope and interesting I-V characteristics. The most interesting phenomenon observed in these p-n junctions is that the temperature dependence of some junction resistance shows a metalinsulator transition whose transition temperature is hugely modulated from 162 to 236 K by a bias voltage increasing from 20 to 40 V. The anomalous I-V characteristics and metal-insulator transition observed in these p-n junctions may be attributed to the electron states in the amorphous carbon of these p-n junctions. This work shows that amorphous carbon combined with other semiconductor materials can result in some interesting properties that may have potential applications. 
